The beauty of electromagnetic radiation, which can self-perpetuate in vacuum, is that it also interacts with matter. In unstructured bulk matter this interaction is governed solely by material properties, that is, electric permittivity and magnetic permeability. In recent decades, advances in nanofabrication and measurement techniques have revealed fascinating new ways of manipulating the optical response to direct excitation of nanoplasmonic systems by varying size^[@ref1]−[@ref3]^ and shape.^[@ref4]−[@ref6]^ A prominent second option for controlling plasmonic resonances^[@ref7],[@ref8]^ has been identified in the interparticle distance^[@ref3],[@ref9]−[@ref15]^ and/or orientation,^[@ref16]−[@ref18]^ which has been addressed with the plasmonic dimer (i.e., two-particle system) configurations. In general, dimer systems are conveniently explained within the framework of plasmonic mode hybridization,([@ref19]) a successful model that describes the strong coupling via near-field interaction between nanoplasmonic entities in close analogy to concepts from molecular chemistry. Recently, these ideas have been expanded to higher order oligomers, toward what might be called meta-molecular plasmonic systems.^[@ref20]−[@ref22]^

With this Letter, we put forward an amorphous nanoplasmonic system^[@ref23],[@ref24]^ that effectively possesses statistical variation on the arrangement of nearest neighbors. Contrary to conventional practice of light-matter interaction experiment in which the recorded signal is usually attributed to the object under study, for example, one might refer to "the absorption spectrum" of a certain particle, we show that the excitation strength of a localized plasmonic resonance depends exclusively on the local field of the illumination. This local field, however, depends sensitively on the arrangement of the entire structure that generally comprises many strongly scattering entities. We note that in a recent work by Knight et al.,([@ref25]) it was shown that spectra of partially integrated differential cross section depend sensitively on excitation and collection angles, even for the same plasmonic particle, and may not be equivalent to the total spectrum. However, for an array of closely spaced plasmonic nanoparticles and due to the short-range interaction of near-field coupling, studies of illumination conditions on randomly oriented nanoparticles are only possible in the near field.

We have devised a number of short-range-ordered nanoplasmonic arrays of gold nanodiscs with varying density (hence, interparticle distance). They are denoted as low, medium, and high density arrays, respectively. The nanodiscs are fabricated using hole-mask colloidal lithography (HCL)([@ref26]) with nominal diameter *D* and height *h* of 190 and 25 nm, respectively (see Methods and Figure S1 in [Supporting Information](#notes-1)). The local properties of this amorphous structure are analyzed by an apertureless scanning near-field optical microscope (aSNOM)([@ref27]) with a cross-polarization scheme,^[@ref28]−[@ref30]^ complemented by a large-scale finite-difference time-domain (FDTD) simulation that takes the exact details of the array fully into account. aSNOM characterization is performed on extended domains of 10 μm by 10 μm and with a spatial resolution of 20 nm.

![(a--c) AFM topography of the three amorphous nanoplasmonic arrays of nanodiscs under investigation, labeled according to nanodisc area density. (d--f) Experimental near-field amplitudes. (g--i) Simulated near-field amplitude of the exact same disk arrangement taken at 20 nm above the sample surface. The excitation wavelength is 897.8 nm. The polarization and the in-plane wave vector of the incident light are indicated on the top-left corner of the figure. White rectangles exemplify the difference in dipole orientation between the experiment and simulation. The scale bars are 1 μm long.](nl-2011-01043v_0001){#fig1}

Figure [1](#fig1){ref-type="fig"} shows 3 μm by 3 μm cut-outs for ease of viewing. Panels a, b, and c show atomic force microscopy (AFM) topographs for low-, medium-, and high-density arrays, respectively. The corresponding measured amplitudes of the *E*~*z*~ components of the near field are shown in Figure [1](#fig1){ref-type="fig"}d--f. Clear characteristic dipole oscillations can be readily observed. Furthermore, the in-plane dipole orientations are predominantly dictated by the polarization of the incident wave, but a variation in the dipole orientations exists and is higher for denser arrays. Finally, a variation occurs in dipole excitation strength akin to plasmonic hot spots.([@ref31]) Qualitatively, a similar trend appears in the full-area FDTD simulations. However, a closer look reveals a contrasting difference that is exemplified by the white rectangles highlighted in panels e and h. Noticeably, the simulated dipole orientations show a much wilder fluctuation. A strong difference is already present in the low-density array, the average interparticle distance of which is in the range where near-field coupling becomes negligible and dipole--dipole interaction takes over.([@ref33]) The observed variation in the dipole orientation suggests a second, more dominating factor governing the characteristics of individual nanodiscs: coherent excitation by scattered field from surrounding neighbors. We also note that due to amorphous nature of our samples the contribution from coherent build-up of scattered light due to ordered arrays([@ref32]) can be disregarded.

To quantify the effect of coherent excitation from surrounding neighbors, we consider in-plane dipole moments **P** (*P*~*x*~, *P*~*y*~) for each nanodisc, extracted from measured or simulated data, and statistically study the coherent interaction in terms of correlations between interparticle distance and dipole orientation with respect to the external excitation (see [Supporting Information](#notes-1) for details). The results extracted from the measured and corresponding simulated data taking into consideration all the three samples at once are shown in Figure [2](#fig2){ref-type="fig"}a,b, respectively. Further, Figure [2](#fig2){ref-type="fig"}c shows standard deviation plots of the dipole orientations from Figure [2](#fig2){ref-type="fig"}a,b against nearest-neighbor separation between plasmonic nanodiscs. Whereas for a center-to-center nearest-neighbor distance of more than about 2.5 times the disk diameter the dipole orientation is close to that of an isolated particle, around θ = 0°, with decreasing interparticle distance the spread in dipole orientations becomes larger and eventually spans the whole interval (−90° ≤ θ ≤ +90°) for nearly touching and connected dimers (data points left of the red lines in Figure [2](#fig2){ref-type="fig"}a,b). Evidently, the discrepancy between experiment and simulation increases as the nearest-neighbor interparticle spacing approaches zero gap size. It is worth noting that due to the amorphous arrangement of the nanodiscs the coupling of the surface charges across particle pairs varies and contains both attractive and repulsive interactions that lead, respectively, to a reduced or enhanced dipole moment of individual particles.([@ref11])

![Dipole orientation as a function of nearest-neighbor separation for (a) experiment and (b) simulation. (c) Standard deviation of dipole orientations as a function of nearest-neighbor separation. Simulation assumes plane wave illumination of the entire sample (blue circles) and in the experiment the sample is illuminated with a focus spot size of 1.7 μm (green circles). (d) Schematics showing illumination configuration used in the experiment (left) and simulation (right). Polarization and wave vector of the incident light are as indicated. Orange-shaded region represents the illuminated area, dark red is the total measured area (in the experiment), and gray is the unprobed region.](nl-2011-01043v_0002){#fig2}

All else being equal, that is, excitation wavelength, incident angles, and sample topology, a closer look at the excitation condition between experiment and simulation reveals one crucial difference, that is, the "active" or "illuminated" area is smaller in the experiment compared to the full-area illumination in the simulation that is assumed to be excited by a plane wave. Figure [2](#fig2){ref-type="fig"}d shows a schematic of excitation configuration used in the experiment (left) and simulation (right). An important consequence of this difference is that the contribution of the scattered fields from surrounding nanodiscs on the response of a particular nanodisc is limited by the illumination spot size in the experiment and the simulated area in the simulation. We note that the statistics on dipole orientation is not affected by a particular choice of incident angle. (see Figure S2 in [Supporting Information](#notes-1) for details).

To roughly estimate the magnitude of the collective influence from scattered fields from all the surrounding particles that act upon that center particle, we consider the principal composition of the scattered field, **E**~sca~, at any particle in the first-order Born approximation, given by a volume convolution of a Green function (**r**, **r**′) with **E**~inc~(**r**)where δε(**r**) represents scattering centers distributed in space. In free space, the Green propagator is proportional to the inverse of the distance *R* = \|**r** --**r′**\| between the points of cause and effect, (**r**, **r**′) ∝ exp(*ikR*)/4π*R*. (The appropriate Green function for a substrate--air interface behaves similarly.) The incoherently integrated effect at the center from any ring area (*A* = 2π*R*Δ*r*) of uniformly distributed particles is proportional to the width \|(**r**, **r**′)\|*A* ∝ Δ*r*, but it does not depend on the ring's radius *R*. The incoherent sum also represents the maximum amplitude of the total field, coherently integrated over the ring area according to eq [1](#eq1){ref-type="disp-formula"}. Thus, whereas a single scatterer contributes to the center field with a magnitude that diminishes inversely with distance, the sum over a ring of randomly arranged scatterers cannot be neglected. Figure [3](#fig3){ref-type="fig"} illustrates the influence of the scattered fields from neighboring plasmonic nanodiscs on the characteristics of the nanodisc in the center. The complete integral in eq [1](#eq1){ref-type="disp-formula"} may be thought of as the coherent sum of a concentric sequence of such rings covering the excitation spot, each contributing with a similar magnitude, and the total field at the center becomes ever more varied, the larger the number of rings. Consequently, the overall statistical behavior of the sample should strongly depend on the illumination focus size.

![A schematic showing the influence of distant plasmonic scatterers on the characteristics of the center plasmonic nanodisc. The white fuzzy lines portray the scattered fields from surrounding plasmonic nanodiscs, which coherently superimpose at the center nanodisc. Red and blue lobes represent the dipole oscillation of the discs.](nl-2011-01043v_0003){#fig3}

Experimentally, different focus spot sizes can be achieved straightforwardly with the use of an iris aperture that controls the illumination beam width (see [Supporting Information](#notes-1) for details). Plots of standard deviation of dipole orientation distribution are shown in Figure [4](#fig4){ref-type="fig"} for different spot sizes. It is observed that larger spot sizes indeed yield a wider distribution, which eventually converges with the simulated data at the focus size of about 4 μm in diameter. The effect of increasing the spot size is, in fact, 2-fold. First, by increasing the illumination spot size, that is, the orange-shaded area on the left-hand side in Figure [2](#fig2){ref-type="fig"}d, more and more discs contribute to the overall statistics and characteristics of the data being measured. Second, by enlarging the focus spot size, the illumination wavefront becomes more and more plane-wave like, thus mimicking the excitation source used in the simulation.

![(a) Standard deviation of dipole orientation as a function of center-to-center separation. Full-area FDTD simulation (blue line) and experiment with a focus spot size of 1.7 μm (green line) are the same as those shown in Figure [2](#fig2){ref-type="fig"}c. Measured data obtained from measurements with varying focus spot size are shown in different hues of green as denoted. (b) A zoom-in of the area enclosed by the dashed rectangle in panel (a).](nl-2011-01043v_0004){#fig4}

We show that in addition to neighbor separation controlling the external illumination structure has a profound influence on the optical near fields in nanoplasmonic array, exemplified by the amorphous system of nanodiscs. By changing the focus size, we demonstrate that the local field response of individual plasmonic nanostructures depends very sensitively on illumination condition, essentially establishing a new modality for the excitation of nanoplasmonic systems, what we call long-distance indirect excitation. The ability to vary the local response of a plasmonic entity is of immediate interest to the field of hot-spot and energy concentration engineering with immediate applications, for example, in enhanced Raman scattering spectroscopy. Our work also indicates that the very high-field enhancements achieved in SERS^[@ref34],[@ref35]^ might not have their origin in the very local surrounding,([@ref36]) but originate from coherent interaction of a larger region. Earlier work on energy localization was based on polarization pulse shaping, which works in the temporal domain,^[@ref37]−[@ref39]^ or through the use of purposefully tailored structures.([@ref40]) Recently, the localization control has been achieved in the spatial domain via spatially controlled wavefronts of illumination beam on subwavelength grating,([@ref41]) coherent superposition of high-order beams([@ref42]) and spatially tailored phase profiles with strongly interacting metamolecules platform.^[@ref43],[@ref44]^ However, these techniques either rely on sophisticated sample preparation like electron beam lithography or require prior knowledge of the sample's morphology. For the approach presented here, no specially designed structures are needed and the dynamic control of light localization can be achieved at low cost. Our ability to control local response in amorphous plasmonic system can be further enhanced by spatial beam profile modulation and as such is a strong contender as a tool to engineer hot spot formation and light localization.
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